Abstract-This paper proposes a lattice predictor based adaptive Volterra filter (Lattice-AVF), and its convergence property is analyzed. In the adaptive FIR Volterra filter (AVF), the eigen value spread of a correlation matrix is extremely amplified, and its convergence is very slow for gradient methods. A lattice predictor is employed for whitening the input signal. For stationary colored input signals, the Lattice-AVF can provide a fast convergence and the well reduced residual error. Its convergence is highly dependent on a time constant, used in updating the reflection coefficients. A very large time constant is required. In the case of nonstationary colored input signal, the eigen value spread after the Volterra polynomial is not so highly amplified. This means fast convergence will be expected, and effects of the whitening will be small. These properties are analyzed. A problem of asynchronous updating' the reflection coefficients and the filter coefficients observed in linear lattice predictor based adaptive filters, is also observed in the Lattice-AVF.
I. INTRODUCTION
Laud speakers in audio systems and small speakers embedded in a mobile phone have some nonlinearity. When they are used in a remote conference system and as a visual phone, where some echo are caused and are transmitted through such nonlinear parts, nonlinear echo cancellers are very important [1] , [2] .
An adaptive FIR Volterra filter (AVF), which combines an FIR. filter and a Volterra polynomial, which can express general nonlinearity, is one of hopeful candidates [3], [4] . However, the Volterra polynomial generates a huge number of terms, and the same nurnber of filter coefficients are required. Furthermore, eigen value spread of a correlation matrix for the input signal is extremely amplified after the Volterra polynomial, and convergence becomes very slow for gradient methods. Convergence property of AVFs has been analyzed, and some fast and stable learning algorithms have been proposed [5] , [6] . One approach to fast convergence is orthogonalization of the input signal [7] , [8] , [9] , [10] . However, the DCT is not sufficient for orthogonalization. A linear prediction error filter is good for orthogonalization. However, it requires some time delay, and cannot be applied to some applications, such as echo cancellers [ll] .
In this paper, in order to improve the orthogonalization process without any time delay, a lattice prediction error filter is employed for this purpose. In linear lattice predictor based adaptive filters [12] , a problem of asynchronous update of the reflection coefficients and the filter coefficients is pointed out, and the residual error is not well reduced. A synchronization method has been proposed [13] , [14] . In this paper, this asynchronous problem is analyzed. Convergence properties for stationary and nonstationary colored signals are analyzed. Several kinds of structures for orthogonalization of the input signals are taken into account. Convergence property is compared with the DCT based and the linear predictor based adaptive filters. nomial is used, the output y ( n ) is given by 
ADAPTIVE F I R VOLTERRA FILTER

A . Structure of AVF
., q N -1 ( 1 2 ) ] ; and they are normalized by its standard deviation o~,~, resulting in the outputs si(.). si(n) are applied to the Volterra polynomial generating 1st-order and high-order terms. These terms are multiplied by filter coefficients, and are accumulated, resulting in the final output y ( n ) . The DCT does not need any time delay. However, orthogonalization is not complete. The adaptive Volterra filter with DCT is denoted 'DCT-AVF' in this paper.
2) Linear F I R Prediction Error Filter:
When the signal can be modeled as the output of an AR circuit driven by the white noise, a linear FIR prediction error filter is good for whitening. However, it requires some time delay, and its application is rather limited. The prediction error is used as the AVF input. The adaptive Volterra filter with the linear prediction error filter is denoted 'LP-AVF' in this paper.
D. Position of Orthogonalization in Nonlinear Filters
Two kinds of positions for the orthogonalization are taken into account. They are at the input of only the AVF, denoted Type-A, and at the input of both the unknown system and the AVF, denoted 'Type-B'. In the case of nonlinear adaptive filters, any time delay is not allowed in Type-A. On the other hand, in Type B, any kinds of the orthogonalization, with or without time delay, can be employed. However, since the output of the unknown system may be sound from a laud speaker located in a conference room, this type cannot be applied to some applications, such as echo cancellation.
LATTICE PREDICTOR BASED AVF
A . Circuit Structure
In practical applications, Type A is important. Therefore, we employ the lattice prediction error filter [12] for the orthogonalization process. The proposed latt,ice predictor based AVF (Lattice-AVF) is shown in Fig.2 . Let, the number of taps of the FIR part be N , the order of the Volterra polynomial be M : the order of the lattice predictor be L. Assuming N > L: the number of filter coefficients in both AVFs in Fig.1 and Fig.2 are the same. If the unknown system can be modeled by using the FIR. Volterra filter, t,he same t.ransfer function can be realized by using the Lattice-AVF.
B. Reflection Coeficient Update
equat,ions [12] .
The reflection coefficients are iipdat,ed by t,he following 
C. Synchronization of Updating Reflection and Filter Coeficients
Convergence property of the linear lattice predictor based FIR adaptive filter has been analyzed. Updat,ing the reflection coefficients and the filter coefficients are not synchronized, and some error remain. The synchronized learning algorithm has been proposed [13],[14], which is briefly described here.
The linear adaptive filter with the lattice predictor is equivalent to the circuit shown in Fig.2 , except for the Volterra polynomial block. The filter coefficients w ( n ) is directly connected t o b(n). The output y ( n ) is
is a vector of the backward prediction error b,(n), K ( n ) is a matrix consists of the reflection coefficients, z ( n ) is the input, ~( 7 1 ) is the filter coefficients. In the next iteration step, K ( n ) is iipdat,ed to K ( n + l ) ? and y(n,+l) and e ( n + l ) are generated by using K ( n + l ) and w(n). However, w(n) is optimized for K(n,) not K(n,+l).
Therefore, e ( n + 1) is not guaranteed to be reduced. For this reason, w(n.) is modified sa as, (12) y ( n + 1) can reducc the output error. Therefore, the filter coefficients w(n) is modified as follows:
K T ( n 4-l)W(?r) = K T ( n ) w ( n ) (13)
W ( n , ) is iiscd in the next, iteration n, + 1: instead of w(n): for generating $(n + 1) and E(n + 1). The filter Coefficients I1 -38 are updated to w ( n + 1) by using E(n + 1) and &(n). A combination of K ( n ) and w(n) is equivalent to that of K ( n + 1) and &(n). Thus, the output error is guaranteed to be decreased.
The synchronization problem in the Lattice-AVFs is analyzed in the next section.
IV. SIMULATION AND DISCUSSIONS
A . Stationary Colored Signal
The colored signal is generated by using a 2nd-order AR model with the white input signal. A 50 tap FIR filter and the 2nd-order Volterra polynomial are used. The number of the terms in the Volterra polynomial is 1325.
1) DCT and Linear Predictor:
The learning curves for the AVF without whitening, and with the DCT process in Type A and the linear prediction error filter in Type B are shown in Fig.3 . The NLMS algorithm and stepsize=O.l are employed. The DCT-AVF in Type-A can improve convergence to some extent. The LP-AVF in Type-B is good, because the whitening is complete.
2) Lattice-AVF with Fixed and Time Variant Reflection Coeficients:
Time invariant and time variant reflection coefficients are taken into account. Also, they are deviated from the ideal value following (16) KO is the ideal reflection coefficients. Figure 4 shows the learning curves of the Lattice-AVF. If the reflection coefficients are set to the ideal, convergence is fast and the residual error is very small. However, the convergence is sensitive to deviation of the reflection coefficients. Assuming the output error of -50dB, 5% deviation causes a long convergence time, which is 3 times as long as the ideal case. On the other hand, when the reflection coefficients are time variant, convergence is trapped at -20dB, which is not well reduced compared with the time invariant reflection coefficients. This phenomenon is caused by asynchronous update of the reflection coefficients and the filter coefficients, just the same as the linear lattice adaptive filters Figure 5 shows the learning curves, in which the reflection coefficients are updated following Eqs.(3) through (6). Convergence highly depends on a time constant y, which control the reflection coefficient update. From Eqs. (4) and ( 5 ) , K . N ,~(~) and K g , m ( n ) can be regarded as the output of a 1st-order lowpass filter, with a pole y on the positive real axis. Therefore, when y(< 1) is very close to unity, the pasband of the lowpass filter is very narrow, and the output, that is the reflection coefficients are very slowly changed. Until1 y = 0.999999, the convergence can be improved. The learning curves for the lattice predictor almost saturate around -50dB. However, it requires only 85,000 iterations until -40dB, while the DCT-AVF and the LP-AVF need 320,000 iterations and 150,000 iterations as shown in Fig.3 , respectively. Learning curve for nonstationary colored signal by using 2) Comparison among Lattice-, DCT-and LP-AVFs: Figure8 shows learning curves by using the Lattice-AVF, the DCT-AVF and the LP-AVF. In this figure. 'Stationary' and 'Nonstationary' mean 'Without orthogonalization'. A typical feature is recognized. Convergence is improved for nonst ationary colored signal. even though t,he orthogonalization is not used. In the case of nonstat,ionary colored signal, the eigen value spread of the correlation matrix of z(n -i ) z ( n -j ) is not, so amplified from that of z ( n -i) compared with stationary colored signal.
3) Lattice-AVF with Updated Reflection Coefficients:
B. Nonstationary Colored Signals
In the caSe of nonst,ationary colored signal, the Lattice-AVF still provide fast convergence. Convergence of the LC-AVF is slow, whik it, can reach tha more reduced error. However, the LC-AVF is liniited t,o Typt:-B.
V. CONCLUSIONS
In this paper, the Lattice-AVF has been proposed. Its convergence is highly dependent 011 the time conshnt used in updating the reflection coefficient,s. The asynchronous update of the reflection coefficients and t,he filter coefficients has b e a observed. Convergence of AVF for nonstationary colored signal is bet,t,er coinpared wit,h st,ationary colored signal. The Lattice-AVF can provide fast convergence and well reduced error.
